ABSTRACT A single-feed wideband pattern diversity antenna is presented in this paper. The pattern reconfigurability is realized by a p-i-n-diodes-intergrated switchable feeding network with the ability of providing 0 • in-phase or 180 • out-of-phase antenna excitation. The radiating patch is excited by the feeding network through a pair of symmetric stepped probes. When the two stepped probes are with in-phase excitation, a conical mode can be generated on the patch. On the other hand, the antenna can operate at a broadside mode if the excitation is out-of-phase. A meticulous prototype is developed, manufactured, and measured. The measured impedance bandwidths of the 10-dB return loss are 60.7% from 1.95 to 3.65 GHz for the broadside mode and 72.7% from 1.65 to 3.65 GHz for the conical mode. Meanwhile, measured peak gains of up to 10.2 and 7.7 dBi and measured radiation efficiencies of higher than 80% and 76% are obtained for the broadside mode and conical mode, respectively.
I. INTRODUCTION
Following the tremendous progress of wireless communication systems, pattern diversity antennas have gathered a great deal of attention in recent years. It is well known that most of present-day communication devices potentially necessitate higher date transmission rates and stronger reliability. As one of the vital radio-frequency (RF) components, an antenna with the function of pattern reconfigurability is a good solution for space-restricted applications. Because it can alter the radiation directions in a near-real-time manner to avoid interference coming from known noisy sources in a single antenna structure, and consequently, improve the communication quality and system performance. A number of researches have been done to obtain various radiation patterns with different shapes, directions or beamwidths [1] - [8] .
As is known, patch antennas with square or circular shape can be designed to radiate multiple far-field radiation patterns (such as broadside and conical patterns) at different resonant modes. Recently, several pattern reconfigurable patch antennas based on particular resonant modes have been thoroughly studied and reported in the open literature [9] - [20] .
The design methods of using patch antennas to switch radiation patterns between broadside and conical directions can be roughly categorized into two types.
One is integrating switches (such as PIN diodes) into the feeding networks [9] - [10] or radiating patches [11] - [14] as the control mechanism. For instance, in the design [10] , the TM 11 mode with broadside patterns and the TM 21 mode with conical patterns can be reconfigured by controlling the integrated switches on the switchable feeding network; nevertheless, the achieved overlapped bandwidth is as narrow as approximately 7.8%. In [14] , a broadside or conical beam is realized by switching the excitation of an antenna array where different elements generate different polarization directions. However, the configuration is bulky, which is unsuitable for size-confined devices.
The second method is adopting two-port excitation for a single antenna [15] - [20] . The two ports can separately produce the radiating patch with different radiating modes. For this configuration, the port-to-port isolation is essential and must be taken into consideration in integrated system designs. For example, a two-port pattern diversity antenna with a combination of a low-profile monocone antenna and a microstrip antenna is presented in [15] . Although the impedance bandwidth is as wide as 36.5%, the port-toport isolation is only around 15 dB over the common operating band. The attempt of designing a pattern diversity dual-excitation antenna with an isolation level of greater than 20 dB has been made in [16] - [20] , but the achieved impedance bandwidths are narrow (less than 25%). Thus, neither reported design is able to capture a wide overlapped bandwidth and a large isolation level simultaneously by using this method.
In this paper, an electronically reconfigurable antenna with broadside and conical radiation beams is realized over a very broad frequency band with the help of a tunable feeding network. To achieve pattern reconfiguration, the feeding network is specially designed to provide in-phase or out-of-phase excitation for a conventional patch antenna. To verify the design concept, a fully functional prototype was developed and tested. Wide bandwidths, high gains and high efficiencies were obtained for both the broadside mode and conical mode.
II. ANTENNA GEOMETRY AND OPERATING PRINCIPLE
A. ANTENNA GEOMETRY For the proposed pattern diversity antenna, a schematic drawing is shown in Fig. 1 with corresponding dimensions listed in Table 1 . As can be seen, the antenna consists of a radiating patch, a pair of stepped probes, a reconfigurable feeding network and a box-shaped reflector. The radiating patch is with a pair of vertically folded plates underneath the patch, which contributes to the creation of broadband characteristics [21] . The antenna is excited by a pair of symmetric stepped probes with enlarged view shown in Fig. 1(c) . One end of the stepped probes connects to the horizontal part of the folded plates and the other end connects to the output ports of the feeding network. The reconfigurable feeding network is printed on the bottom of the substrate with a thickness of H s = 0.787 mm, relative permittivity of ε r = 3 and loss tangent of 0.0013. The top surface of the substrate is covered by copper as the ground plane except for the two circles with a diameter of R d = 3.2 mm for the stepped probes passing through. With reference to Fig. 1(c) , the distance between the ground plane and the horizontal parts of the folded plates is nominated as H t = 6 mm. A box-shaped reflector with a height of H g = 18 mm is introduced, which is beneficial for impedance matching and antenna gain. The detailed results will be given in Section III.
B. PATTERN DIVERSITY PRINCIPLE
As is known, a two-port symmetrically-fed patch antenna can radiate in two different patterns [9] - [20] when the feeds are in-phase or out-of-phase. It is because the radiating mode can be switched between a broadside mode and a conical mode. In order to provide such a switchable excitation to the radiating patch, a reconfigurable feeding network is specially designed with PIN diodes used as tuning mechanisms. The detailed configuration of the designed feeding network is shown in Fig. 2 . There are three transmission paths, which are marked as Path 1, Path 2 and Path 3. Two groups of PIN diode switches, SW1 and SW2, are inserted into Path 1 and Path 2. By controlling the states of the diodes, Path 1 or Path 2 can be flexibly selected. The used PIN diodes are Bar50-02V from Infineon Technologies [22] , and their equivalent circuit model is described in Fig. 3 and Table 2 . Each diode can be forward biased to ON state with 1.5-V DC voltage, whereas it will be in OFF state if left unbiased. To control the diode states, four DC pads are added as DC Pad 1, DC Pad 2, DC Pad 3 and DC Pad 4, respectively. In order to isolate DC signals from RF signals, four 47-nH inductors from Murata (model LQW18A) are employed and embedded between DC pads and RF transmission lines. The complete characterization of inductors can be found in [23] . In addition, four Table 3 clearly summarizes radiation beams at different DC bias conditions. It should be noted that SW1 includes two PIN diodes in series, so its break-over voltage is two times of that of SW2. Besides, to gain further understanding of the mechanism of the proposed pattern diversity antenna, the equivalent circuit of the reconfigurable feeding network is given in Fig. 4 . To be noted, Path 2 can offer a broadband 180 • phase shift as discussed in [24] .
To indicate the performance of the proposed reconfigurable feeding network, Fig. 5 presents the simulated results of S-parameters and phase differences. It can be seen that the designed feeding network has wide impedance bandwidths for both modes. The simulated bandwidths of -10 dB reflection coefficient are 73.5% for the broadside mode (from 1.85 to 4 GHz) and 85.7% for the conical mode (from 1.6 to 4 GHz), respectively. Thus the overlapped bandwidth is very wide, given by 73.5% from 1.85 to 4 GHz. The insertion losses of the designed feeding network are around 0.5 dB with a variation of 0.2 dB for the two radiation modes within the band. In addition, two remarkably flat phase difference curves for in-phase and out-of-phase operations are obtained. These characteristics indicate the proposed feeding network suitable for pattern reconfiguration of the proposed wideband patch antenna.
III. PARAMETRIC STUDY
In order to investigate the effects of different parameters on the impedance matching of the proposed antenna, a parametric study has been executed using the commercial EM simulator software Ansys HFSS [25] . In the parametric study, one parameter is changed at a time while the remaining parameters are kept consistent with those shown in Table 1 .
The stepped probes, connecting the output ports of the feeding network and folded plates, play a crucial role in adjusting the impedance matching. So their key parameters, namely H 1 and R I , are studied first. Figs. 6 and 7 present the frequency responses of |S 11 | and realized gains against H 1 and R I . From Fig. 6 , it can be seen that, when H 1 changes from 3 to 5 mm, the impedance matching of both modes is significantly affected. Also, the reflection coefficient can be slightly adjusted by changing R I , as shown in Fig. 7 . On the other hand, the realized gain is maintained with the variation of H 1 or R I . Thus, H 1 and R I can be used as a tuning parameter for achieving good impedance matching without affecting the radiation performance. In the proposed prototype, H 1 and R I are selected as 4 mm and 2.8 mm, respectively, to achieve a broad overlapped passband. It is worth mentioning that the other parameters of the stepped probes, such as H 2 , H 3 and R O , also have slight effects on the impedance matching of the proposed antenna, but the resultant simulation results are not given here for brevity. Fig. 8 shows the influence of the height of the box-shaped reflector H g on |S 11 | and realized gains of the two modes. It is found that with the increase of H g from 0 (no box-shaped reflector is constructed) to 23 mm, the impedance matching of the broadside mode is slightly affected. In the case of the conical mode, the impedance matching is dramatically affected. When H g is raised to 18 mm, a wide impedance bandwidth can be obtained. But when H g continues increasing, the impedance matching of the antenna is degraded. The different influence between the two modes is because of the radiation direction of the different modes. Since the radiation fields are concentrated toward the broadside direction in the broadside mode, the side walls of the reflector have weak effect on the impedance matching. On the other hand, the side walls are located in front of the radiation fields, therefore, the impedance matching is dramatically affected by the side walls in the conical mode. Besides, the realized gains are sustained to rise for both modes of operation. Therefore, the height of the box-shaped reflector is selected as 18 mm to obtain wide impedance bandwidths and high realized gains.
IV. SIMULATED AND MEASURED RESULTS
To verify the simulated results of the proposed design, a final prototype was fabricated and measured. The photograph of the constructed antenna prototype is shown in Fig. 9 . All the measured results of reflection coefficient (|S 11 |), antenna gain and far-field radiation patterns were obtained with the help of an Agilent E5080A network analyzer and a Satimo Starlab near-field measurement system, respectively. Simulated and measured |S 11 | and realized gains of the broadside mode and conical mode are displayed in Fig. 10 . Good agreement between the simulation and measurement is obtained. For the broadside mode, the impedance bandwidth for |S 11 | less than −10 dB is 60.7% (ranging from 1.95 to 3.65 GHz), and the measured radiation gain varies from 7.5 to 10.2 dBi within the operating band. In the case of the conical mode, the corresponding impedance bandwidth for |S 11 | less than −10 dB is 72.7% (ranging from 1.75 to 3.75 GHz), while the realized gain is up to 7.7 dBi. Consequently, high gains for both modes can be achieved over a wide overlapped frequency range of more than 60% in this design. The average measured efficiencies are approximately 80% and 76% for the broadside mode and conical mode, respectively.
Figs. 11 and 12 depict the simulated and measured radiation patterns of the proposed antenna at frequencies of 2 GHz, 2.5 GHz, 3 GHz and 3.5 GHz, exhibiting agreeable results. The cross-polarization levels at some frequencies are not displayed on the graph because its values are vanishingly low. As seen, a slight discrepancy between simulated and measured cross-polarization levels of the patterns can be observed, which is mainly attributed to the unexpected fabrication tolerance and the effect of the additional DC biasing lines. The influence of the latter can be minimized by using printed DC lines in practical applications. In addition, the loading effects of packaged diodes also lead to the discrepancy between the simulation and measurement. Generally, the measured radiation patterns are comparatively stable across the entire operating band for the two radiating modes.
The measured performance of some reported pattern diversity antennas is summarized in Table 4 to compare with that of the proposed work. Compared with these reported designs, the proposed design in this paper possesses superior characteristic in impedance bandwidth. Besides, in terms of peak gain and radiation efficiency, the presented work is comparable to the other reported works.
V. CONCLUSION
A wideband pattern reconfigurable patch antenna has been presented in this paper. The designed switchable feeding network can provide the radiating patch with in-phase or out-ofphase excitation. Therefore, the proposed antenna can switch VOLUME 6, 2018 between conical and broadside radiation patterns. A prototype with an overlapped fractional impedance bandwidth of greater than 60% was successfully designed, fabricated and measured. Stable radiation patterns and antenna gains are obtained for both modes throughout the whole operating band. With advantages of pattern diversity and wideband performance, the proposed design can be a promising candidate for present-day wideband indoor mobile communications and multiple-input-multiple-output systems. 
